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SUMMARY 
Friction factors in tubes have been the subject of many 
experimental and theoretical studies in the past© However, 
the case of unsteady flow through small tubes has remained 
impregnable to theoretical studies0 The purpose of this in-
vestigation was to determine the effects of hysteresis and 
time rate of change of Reynolds number in unsteady flow through 
small bore tubing through the transition range0 Pressure-
loss factors for these conditions were obtained by using a 
steady state analysis, with Reynolds numbers between approx-
imately 400 and 50p000o The pressure-loss factors, which are 
referred to as pseudo friction factors in this presentation, 
incorporate the wall friction, development losses, inlet and 
exit losses, and compressibility effects• The main points of 
interest in this study were the regimes of transition from 
laminar to turbulent flow with mass flow increasing, and tur-
bulent to laminar flew, with mass flow decreasing* Hysteresis 
effects in the transition region were of prime interest also* 
The unsteady effects were studied, however, for all Reynolds 
numbers obtained in the laminar and turbulent regions. 
The experiments were run at room temperature for a single 
test tube, using the surge tank total head pressure and the 
micrometer needle valve rotation speed as the variables. The 
total head pressure s^nd needle valve speed were varied to give 
the range of Reynolds numbers desired for this studya 
The theory used for computing the instantaneous pseudo 
friction factor was based on the assumptions of steady, one-
dimensional, continuum flow through constant area tubing, with 
isothermal changes of state0 The test results were compared 
with the results obtained in an earlier study, with the Hagen-
Poiseuille theory for laminar flow in straight tubes, and 
with the Karman-Nikuradse theory for straight tubes with tur-
bulent flow 0 
Results of these tests show that there is a hysteresis 
effect in the transition region, with some effects, also 
attributable to the unsteady flow, in the laminar and turbu-
lent regimes due to the rate of change of Reynolds number 
(or mass flow), although the data were too limited for a 




Friction factors in small bore tubes have been the sub-
ject of many experimental investigations (1-5) over the past 
yearso A local friction factor may be defined for small bore 
tubes as: 
f= £yj<°v2 ( i -D 
ft 
where f i s the loca l f r i c t i o n f ac to r . X the wall shearing 
W 
s t r e s s , P t h e densi ty of the f lu id ( a i r ) , and v i s the mean 
ve loc i ty through the tube0 
Both von Karman (1) and Nikuradse (2) have shown steady 
flow f r i c t i o n factor data in the regime of turbulent fu l ly -
developed flow, while Schl icht ing (3) has presented data in 
the laminar fully-developed region as obtained by Hagen (4)° 
At present there i s no theory ava i lab le for determining the 
f r i c t i o n factor in unsteady flow through small bore tubingo 
The solu t ion of the Hagen-Poiseuille (45 equation for 
steady laminar flow has the form 
4f = 64/Rey (1-2) 
where Rey is Reynolds number based on tube diameter. The 
Numbers in parent he's es refer to the references at the end 
of the thesiso 
2 
semi-empirical equation f i r s t obtained by von Karman and l a t e r 
improved by Nikuradsep va l id for fully-developed t turbulent 9 
steady flows has been shown to be an accurate f r i c t i o n factor 
r e l a t i o n for smooth tubesp and i s given as 





Figo lo Equivalent Test System 
La t t a l (5) used a system as shown in Figure 1 to develop 
a theory for steady flow using a pseudo f r i c t i o n fac tor , which 
he termed 4f ° The def in i t ion of 4f $> as developed in Appen-
Q-, JLX «% r\ I, t3 
(1-4) 
where P-, is the static pressure upstream of the tube entrance 9 
P„ is the static pressure downstream of the tube exit, R is 
the gas constant for air^ T is the temperature in degrees 
Rankine^ L/D is the ratio of the tube length to tube inside 
diameter9 and G is the mass flow per unit area. 
sfe 
It should be noted that the pseudo friction factor, 4f » 
since it is based on P, and P2P includes the wall friction 
within the tube, compressibility effects9 in 
losses and development lossesa 
3 
The results of Lattal's study "were used for a comparison 
of the pseudo friction factors in the steady state case0 The 
single test tube used throughout the present study was of the 
same type used by Lattai, although steady state cases -were 
run again in the present study, for verification purposes., 
Stone (6) developed a transient theory assuming a quasi-
steady, fully developed, compressible„ isothermal tube flow, 
which he used to predict pneumatic pressure lag in simple 
series systems. Stone's system consisted of a constant area 
tube attached to a sensing volume„ Limited investigations 
(7) have been conducted with oscillations imposed on a steady 
f loWo 
This investigation will be for the purpose of determining 
the effects, if any, of unsteady flow on the pseudo friction 
factor as compared with steady state flow for 400^Rey <50,000, 
and also to determine whether the time rate of change of the 
mass flow has any noticeable effect0 The effect during both 
increasing and decreasing mass flow rate has been studied and 
compared with the results of steady state tests to determine 
what magnitude of difference in friction factor might be de= 
tected that could be attributed to the unsteady flow. The 
regime of transition will be of interest for obtaining defi-
nite knowledge of the form of the friction factor curve in 
this range of Reynolds numbers0 The primary interest in the 
transition region is the particular manner in which the fric-
tion factor varies with Reynolds number, and whether the 
k 
variation will remain the same for both increasing and decreas-




A schematic of the complete apparatus and its compon-
ents is shown in Figure 2. The pressure source was connected 
to the system by means of a 3/4-inch copper tube with a 
pressure regulator inserted between the pressure source and 
the test system0 Flanged, two-inch, steel pipe connected the 
main components of the systeme The pressure taps were placed 
as shown in Figure 29 and were connected to the differential 
press ure transducers by means of 1/4-inch copper tubing0 All 
pressure transducers had valves manifolded so as to make it 
possible to isolate an individual pressure transducer when neees-
saryo A detailed description of the system components follows<, 
Pr e s s ur e_Sourc_e 
A IpOGO cubic foot tank (not shown in Figure 2), pressur-
ized to a maximum of 12 5 psig by means of a 75 horsepower two-
cycle compressor, was used as a pressure source. A surge tank, 
held at a constant pressure for a given test by means of a 
pressure regulator9 was placed between the system and the pres-
sure sourceo 
Valves 




















Fig . 2 . Schematic of Test Apparatus 
•7 
r 
having twenty revolutions from the full-closed to the full-open 
positionso The micrometer needle valve was mechanically driven 
by a variable speed motor and gear train0 A rubber diaphragm 
shut-off valve was placed upstream of the entrance to the system 
for safety purposes and for easier checking for leaks. A blank 
flange plate was incorporated on the downstream end of the 
system to enable checking for leaksa 
Metering Orifice 
Flow rates were determined (see Appendix B) using an 
ASME {&) standard,, sharp-edged, metering orifice having a B 
ratio of Oolj, where B is the ratio of the metering orifice 
diameter to the entrance pipe diameter (Dn/D-j). Flange taps 
were employed to determine the pressure drop across the ori-
fice platej which was constructed from stainless steel* 
The mass flow was determined by the ASME steady flow 
theory due to the lack of a method of measuring an unsteady 
mass flowo 
Pressure Measurements 
Electrically activated differential pressure transducers 
were used to measure all pressures« For static pressures one 
side of the transducers was open to the atmosphere for refer-
ence e The pressure drop across the orifice plate was measured 
in the conventional manner, ioe0j> one pressure tap to each side 
of the transducer0 All transducers were readily accessibles 
8 
and when increased range of pressures was indicated, the trans-
ducers could be replaced by one of higher differential pressure 
ratingo Table 1 lists the range of the transducers used through-
out the tests, while Table 2 gives the differential pressures 
experienced by the respective transducerse It was necessary 
in some cases to use as many as three transducers simultane-
ously for measuring the pressure drop across the orifice and 
the static pressure upstream of the test tube* A single trans-
ducer was used for measuring the static pressure upstream of 
the orificeo The pressure measured at this point was refer-
enced to atmospheric pressure before being used in any calcu-
lations, thereby making it unnecessary to have the extreme 
sensitivity required at the other two points0 The use of two 
or three transducers at other stations was necessary in order 
to increase the sensitivity at low mass flow rates while having 
a large range of pressure variations possible* When the more 
sensitive transducer reached its maximum deflection on the 
record trace, it was manually isolated from the system by cut-
off valves placed on either side of each transducer in order 
to completely isolate the transducer from either the calibrat-
ing system or the test system. These valves are shown in 
Figure 3° 
Gears and Drives 
k reversible, variable speed motor with a 6s1 range was 
used to drive a 20s1 reduction gear system* The input speed 
9 
Table 1. Pressure Trans* 
Transducer Ratings, psid 
T o t a l Headj, 
p s i g 




100 15o0 Ool 2.0 7.5 0.15 2o0 10.0 
60 15o0 0 . 1 2 ,0 7.5 0.15 2 .0 10.0 
40 7o5 O o l 2.0 2o0 ' J d> -L^y 2C0 5.0 
20 5.0 O o l * 2,0 0 ,15 $ 2.0 
10 2 .0 0 . 1 * 1.0 0,15 * 2.0 
5 2.0 O c l * 0.5 0.15 •A. •Y- 1.0 
* Transducer not used 
T-. Static pressure upstream of orifice 
T2 Pressure difference across orifice, low range 
T~ Pressure difference across orifice, medium range 
3 
T. Pressure difference across orifice, high range 
4 
T_ Static pressure upstream of test tube, low range 
5 
T/- Static pressure upstream of test tube, medium range 
T_ Static pressure upstream of test tube, high range 
10 
Table 2, Transducer Pressure Ranges 
a l Head, 
p s ig 




100 14. S 0.03 1.15 5.50 0.05 1.30 9.70 
60 9 . 0 0,03 1.15 3.50 0.05 1.90 5.40 
40 6 .0 0.03 1.15 2,00 0„05 2.00 3.70 
20 4 . 0 0.03 * 1.50 0.05 * 2.00 
10 2 . 0 0.03 * 0.35 0.05 * 1.50 
5 1.3 0.03 * 0.50 0.05 & 1.10 
Transducer not used 












Fig . 3« Schematic of Valve and Transducer System 
12 
of the motor was 1750 rpm, with output speeds of 450 rpm max-
imum and 75 rpm minimum. The drive speed to the micrometer 
needle valve was variable between 3•75 rpm to 22,5 rpm. For 
test purposes the drive shaft was operated at 4 and 20 rpm. 
The motor and gear system was mounted on a "saddle" that 
enabled isolation of the micrometer needle valve system from 
the test apparatus. This was necessary in order to keep the 
vibrations in the test apparatus to a minimum. 
Test Tubing 
The tube tested was a commercially bought seamless steel 
tube. The tube inside diameter was 0,290 inches, and was 145 
inches long. The test tube was integrated into the system with 
a 37-degree flare fitting on each end. 
Power Supplies and Recording Equipment 
The electronic recording equipment consisted of an oscil-
lator-power supply combination, seven separate amplifiers, and 
a recording oscillograph. 
The oscillator-power supply provided the filament voltage, 
the regulated plate voltage, and a three kilocycle carrier 
frequency for the amplifiers. The power supply also provided 
the excitation voltage for the differential pressure transdu-
cers. 
The output signals from the seven pronsuro transducers 
were fed into separate amplifiers. The basic components of 
13 
each amplifier were the balancing portion of the transducer 
bridge network, an attenuator, a three kilocycle carrier amp-




Prior to each best the differential pressure transducers 
were calibrated with either an oil or mercury micro-manometer, 
depending on the transducer pressure range• The more sensitive 
transducers ("tOol and ±0*15 psid) were calibrated with an oil 
micro-manometer, and the less sensitive fil»0 psid or greater) 
with a mercury micro-manometer• After completion of the cali-
bration the 1,000 cubic foot storage tank was pressurized to a 
maximum, of 125 PSig. The test system was then pressurized to 
approximately 15 psig to check for leakss with all transducers 
being isolated from the system during this procedureo The 
total head pressure in the surge tank was then regulated to 
the value required for the tests to be conducted* A detailed 
description of the test procedure, using the test with a total 
head pressure of 60 psig as a reference9 is described be low * 
êjst̂ JUm 
With the rubber diaphragm safety valve closed a zero 
reference "Grace was taken on the recording oscillograph* After 
the safety valve was opened4 the recorder was started, and the 
variable speed motort set for a drive speed of 4 rpm, was 
turned ona As the micrometer needle valve was opened at a 
constant rate, the mass flow increased,, The rery sensitive 
1 £, -*.y 
transducersp To and Tc9 reached their maximum deflection on 
the record trace approximately ten seconds after the motor 
was started* The cut-off waives to these transducers were 
closed at this point0 The number of resolutions the needle 
¥alve had opened was noted here in order to have a reference 
point for re-opening the valves during the decreasing mass 
flow portion of the testo The medium range transducers9 T 
J 
and Tz5 reached their maximum deflection approximately 35 
seconds later9 and were Isolated from the system by means of 
their dot-off Valves* Again the number of revolutions the 
micrometer needle valve had made was noted for later reference• 
The mass flow was allowed to continue to increase until 
the maximum deflection of the high range transducers9 T, and 
T7S) was reachedo At this point the variable speed motor was 
turned offa and steady state flow allowed to develcpo 
To begin the decreasing mass flow portion of the test, 
the drive motor was reversed and turned on* When the mass flow 
had decreased to the proper limits the medium and low range 
transducers were again subjected to the flow by opening the 
valves that had been closed during the increasing mass flow 
test o 
Upon completion of the test run the rubber diaphragm 
safety valve was again closed and another reference record 
made on r*he traceo 
k total of four tests were run for esizh. surge tank 
pressure, two each at both minimum and maximum needle valve 
16 
speeds,, This was done in order to check en repeatability o 
After all four tests 'were completed, a second calibration 
was made to check on the initial calibration0 
Reduction of Data 
The method by which the experimental data was reduced 
may be explained in the following qualitative manner„ The use 
of multiple transducers at the orifice plate and entrance to ichs 
test tube allowed an overlap of pressure readings in the data* 
In the data reduction schemes the pressure reading of a less 
sensitive transducer was matched with the pressure reading 
of the more sensitive instrument in order to insure continuity 
in the readings« In the process of reducing the data to a 
working form, it was seen that, even though the pressure read-
ings were referenced to the more sensitive instruments for 
the increasing mass flow case? the decreasing mass flow evi-
denced properties that required that the data be analyzed as 
if it were always increasing mass floWo This procedure allowed 
the less sensitive always to be referenced to the more sensi-
tive transducers for an increasing pressure level flown 
Ag.gura.ciy 
The accuracy of the calibrations and the errors in read-
ing the oscillograph records comprise the greater part of the 
error in the data* The calibrations taken before and after 
each test run were used for reduction of the data for each 
test* Errors produced by non-linearity of the amplifier-trans-
If 
ducer circuit were of the order of £'2*5p of full scale in the 
calibrations of the transducers* The reduction of the data 
from the oscillograph records resulted in maximum errors of 
±k% of full scaleo it should be borne in mind<» however, that 
as these errors might be introduced into the calculation of 
kS by Equation {A-9)9 the magnitudes of the total error by 
both accumulation and the fact that the static pressures and 
the mass flow terms are squaredp could result in as much as 
10% total error0 However, since such unfortuitous circum-
stances would be extremely rare, the total errors -are neces-
sarily of a lesser magnitude than this conservative figure<, 
13 
CHAPTER IV 
DISCUSSION OF RESULTS 
The general results of these tests will be compared 
with the theoretically predicted and experimentally determined 
values of 4f 9 -for steady flows of Karman~Nikuradses Hagen-
Poiseuilleg and Lattalo The results $ill necessarily be con-
fined to the single test tube* The tube was 145 inches long, 
with a 0o29G inch inside diameter (l/D-500.). All tests were 
conducted, at room temperature^ varying from 540-550 degrees 
Rankine0 
Figure 4 represents the results of the steady state 
tests run for comparison purposes* When compared with the 
classical Hagen~Foiseuille and Karman-Nikuradse curves it may be 
seen that the present results are typically larger for a given 
Reynolds number except for very small Reynolds numbers* This 
is due to the losses included in the present results that are 
not included in the classical theories<, It may be seen that 
transition occurs for a lower Reynolds number {that is,, the 
unsteady flow diverges from, the laminar steady state data),, 
which is attributable to the rate effectSo 
Figure 5 relates the time history of the mass flow*, in 
terms of zhe Reynolds numberp for the total head pressures 
used in the present tests„ The maximum Reynolds numbers, and 
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Fig. h Steady State Pseudo Friction Factor as a Function of Reynolds Number 
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the fast and moderate needle valve rates for a typical total 
head pressure0 The curves showing a time lapse of approximately 
110 seconds is for the fast needle valve rate (20 rpm), while 
the 56C second values correspond to the slow valve speed of 
4 rpm« 
A typical runs illustrated in Figure 6, shows the pseudo 
friction factor as a function of Reynolds number* This par-
ticular result is for a total head pressure of 40 psig and a 
run time of approximately 560 secondsc For this test, the 
micrometer needle valve was driven at a speed of 4 rpm» For 
comparison purposes, the steady state curves are also shown. 
Several observations may be made from the data of Figure 6» 
Firstfl in the laminar region, the results compare very 
favorably with the steady state values for both increasing 
and decreasing Reynolds numbersf although the values of the 
pseudo friction factor are slightly higher for decreasing 
mass flowo In the turbulent region^ with practically negli-
gible scatter evidenced, the values of 4f"'~ are typically those 
of steady state flow0 The agreement of the unsteady experi-
mental results with these of steady state tests is indeed 
gratifying° 
The transition region is clearly defined by the smooth 
variation in 4f', although this phase does encompass a change 
in Reynolds number of approximately 1200. The transition re-
gion may be seen as developing at a Reynolds number as low as 
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Shown in Figure 7 is the corresponding test run for a 
needle valve rate of 2C rpm and a total head pressure of 40 
psig. There is more evidence of scatter in the laminar region 
for this test than the slow rate teste The scatter of test 
points in the laminar region is due to the hysteresis effects 
induced into the system by the increased rate of change of 
mass flowo 
The reason for the higher values of pseudo friction fac 
tor in the transition region for decreasing mass flow was the 
-jf 
hysteresis in the system,, The character of the 4f versus 
Reynolds number curve is necessarily changed by the hysteresis 
effects, which are basically reflections of the rate of change 
of Reynolds number- It is to be expected that since mass flow 
rate effects are large they would be more pronounced in this 
regiono 
Shown in Figures & and 9 are plots of the pressure drop 
across the test tube,AP as a function of the pressure drop 
across the orifice platep AP « Figure # shows a typical vari-
ation of AP^ versus AP for a moderate needle valve opening 
rateo The agreement between increasing and decreasing mass 
flow rates may be seen to be very good, as was true for all 
the testso 
Figure 9 shows the agreement of pressure drops for 
several test runs, and here it should be pointed out that any 
rate effects in pressure drop that are present are apparently 
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2? 
valve opening rates are inseparable in these illustrations, 
Included in Figure 9 is the steady state values as obtained 
in the present tests, and which agree with those results ob-
tained by Lattalo The correlation shown in Figure 9 appears 
to indicate that instantaneous mass flow rates may be pre-
dieted for unsteady flows by instantaneous pressure drops 
across an orifice plate0 
Figures 10=15 show further results of the present tests0 
The effects and comparisons arep in genera1, typical of those 
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The experimental results of this investigation will 
necessarily be limited to the single tube size, i«e*, 0.290 
inch I.D., and 145 inches long, with an L/D ratio of 500. 
Other limiting factors are the range of total head pressure 
used, of 10, 20, 40, 60 and 100 psig. 
Also, the experimental results are limited to Reynolds 
numbers based on tube inside diameter varying from approx-
imately 400 to 50,000o 
With these restrictions, certain conclusions can be 
drawn from the experimental data: 
1. The use of steady state methods in the determina-
tion of the pseudo friction factor gives accurate 
results for both laminar and turbulent unsteady 
flow, 
2* The variation of pseudo friction factor with Rey-
nolds number throughout the trans it ion range has 
a definite form, and could possibly be correlated 
with total head pressure* 
3* The time rate of change of Reynolds number on 
unsteady flow for both increasing and decreasing 
mass flow through the transition range has a very 
noticeable effect on the pseudo friction factor* 
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4. The value of pseudo friction factor for peak Rey-
nolds number is not a function of time rate of 




The author feels that the information derived from the 
present tests is not sufficient to draw general conclusions. 
Therefore, it is felt that certain expansions and refinements 
are necessary in order to obtain results which would be appli-
cable to many particular cases„ 
The tests should be expanded for the purpose of in-
cluding tubes of different lengths and other inside diameters. 
This expansion would encompass a wide range of length-to-
diameter ratios, which would in turn give any effects of sys-
tem geometry on the pseudo friction factors in unsteady flow. 
In particular, smaller diameter tubes should be tested in order 
to determine if the approach of choked flow has any noticeable 
effect on the pseudo friction factors correlation^ However, 
this would necessarily reduce the maximum Reynolds numbers 
that might be obtained« Alsop larger diameter tubes should 
be considered for the purpose of determining what, if any, 
rate effects could be detected, and how they affect the pseudo 
friction factors0 
The present tests were all run at room temperatures, 
and as such, have a limited realm of applicability. Tests 
should be conducted with a controlled inlet temperature. 
These tests would indicate the effects of elevated temperatures 
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on the friction factors. 
The manipulation of the isolation cut-off valves with 
each transducer proved to be quite troublesome at times* 
Since this operation is necessary for reasons pointed out in 
the presentation, a method should be utilized which would 
isolate these instruments at a predetermined pressure level. 
This not only would reduce the chances of exposing the trans-
ducers to a pressure level higher than which it is rated, but 
would also eliminate the human factor involved« Since the 
system itself is sensitive to manual vibrations, these would 
be eliminated also. 
The effects of entrance reductions, in the form of 
union diameter to tube inside diameter ratios less than 1.0 
should be considered also. This problem should be undertaken 
in order to indicate more substantially the validity of assum-
ing steady state conditions* A correlation of data result-
ing from these tests with those of previous steady state 
tests by Lattal would further prove the steady state assumption, 
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APPENDIX A 
The basic assumptions underlying the development of the 
equations for the pseudo friction factor are:? 
(1) One-dimensional 
(2) Steady flow 
(3! Continuum flow 
(4) Constant area tubing 
(5) Isothermal cha nges ox state 
The single assumption that seems unreasonable at this point 
is that of steady flow* Later it will be seen from the 
empirical curves that this assumption leads to reasonable re-
sults for the pseudo friction factor. 
The development of the equations in the present section 
shall follow very closely that of Lattal-
For steady flow through a constant area tubing, with a 










Figure .16= Control Volume Element 
momentum equations may be written, respectively 
w = pv = GP a constant U-i) 
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and 
Adp + T ^r dx + w dv = 0 w D 
(A-2) 
where w is the rate of mass flow, A is the cross-sectional area 
of the tube, P is the density of the air, v is the mean 
velocity of the air across the section, p is the static pres-
sure in the tube, T is the shearing stress exerted on the 
w 
stream by the walls, and (4A/D)dx is the wetted area over 
which X actSo Define the local friction factor as 
w 
r, 
f = 7 
w 
1/2 )pv2 (A-3 5 
Introducing f into Equation (A-2), dividing by A, substituting 
for P from the perfect gas equation of state (P=PRT) and for 
(°V from the continuity equation gives 
£dE_ lTw 
R T + 2 \k\ 
-.2 . 4fdx rw 
D " + 
. dv 
v A-4) 
Differentiating the continuity equation and substitut-




2 r "4f dx _ 2 d̂ °' 
D 
= 0 (A-5) 
Equation (A-5) is integrated between the pressures F. 
and P and results in 
2 2 p — p 
rI rII 
RT 
4 $ - 2 ln.jJjLl" = 0 A-6) 
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where f= l/L\ fdx is the mean friction factor within the tube, 
and L is XJJ - Xj. It should be noted that f may contain develop-
ment losses if XT and X _ are taken at the tubing extremities. 
Noŵ , P-J./I9. =P /P , and Equation (A-6) is solved for w as 
w - RT ^ n ;— u"7) 
4f f + 2 ln(P.J./PII) 
Realizing that Equation (A-7) is applicable to fully-
developed flow over the entire length of tubing with no entrance 
>k 
or exit losses included, a new friction factor, f , (called a 
pseudo friction factor) is defined that expresses the mass flow, 
w, as a function of P, and P (static pressures upstream and 
downstream of test tube, respectively). The mass flow, w5 is 
now shown to be 
9 ,2 P? -Po 
w - A — L.—£— , » A \ 
~ R~T 4f"(L/D) U" 8 ) 
where the pseudo f r i c t i o n fac to r , f , incorporates the com-
p r e s s i b i l i t y effect [2 ln(P T /P T I i ] , entrance and exi t e f f ec t s , 
and development effects» Equation (A-#) may now be solved ex-
p l i c i t l y for 4f 9 y ie lding 
2 2 
p*. p<. 
* 1 ~ 2 
Rr[D * Ll! 
The empirical results of this study will be determined 
by Equation (A-9)• 
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APPENDIX B 
DEVELOPMENT OF THE BASIC FLOW EQUATION 
THROUGH A SHARP-EDGED ORIFICE 
Assuming t h a t t he flow i s s t e a d y , i ncompres s ib l e , obeys 
t h e p e r f e c t gas law, and t h a t t h e r e i s no l o s s of energy from 
f r i c t i o n and no hea t t r a n s f e r between the f l u i d and t h e s u r -
rounding w a l l s , t he American Soc ie ty of Mechanical Engineers 
developed t he fo l lowing equa t ions for flow through a s h a r p -
edged o r i f i c e « 
Consider t h e s t a t i o n s 1 and 2 i n F igure 17a 
Figure 1?» Meter ing Element 
The well-known incompress ib le B e r n o u l l i equa t ion may be given 
as 
(V2 " * ! > £ = P l " P2= A P {B-1] 
where P , V.., P9, and V are pressure and velocity at sta-
tions 1 and 2 respectively, p is the density^ and g is the 
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acceleration due to gravityo The mass flow, w, is giver, by 
w=*°AiVl" ̂  V 7 2 ^B"2' 
where A-, and A? are the cross-sectional areas at stations 1 
and 2, respectivelyo 
The continuity equation (Equation (B-2))p may be solved 
as 





= V^B* (B-3) 
where B is the ratio of orifice diameter to pipe diameter, 
D2/D-jo Substituting (B-3) into (B-l) and simplifying gives 
1 i 2gAP 
v2 v r n ^ v p (B~4] 
Incorporating the continuity equation and equation of state 
(P=pRT) it may be shown that 
A? -̂  / 2gP-,AP 
"vrrp • V ~ ^ (B~5! 
The ASME suggests the use of three empirical corrections 
(Kj, Ys E) to the above equation since the actual flow varies 
from the theoretical relations0 The discharge coefficient, 
Ks is a function of Reynolds number, the compressibility 
factor 5 Ip is a function of the B ratio and the pressure ratio, 
and E is a coefficient which corrects for the thermal expan-
sion of the metering elementa 
For air the mass flow rate is given by 
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-, in AoKYE /"P-jAP ,D ^ 
W =1.10 -7=^ r~ 1/—± (B-6) 
VI - B7*- V Ti 
It should be noted that for the present study, with 
B = 0.1, the factor yl - B^ is essentially unity. Also, 
since isothermal flow is assumed, E is equal to unity. Now, 
using the equation of state, Equation (B-6) may be re-written 
as 
w 1.10A2KYVR^AF (B-7) 
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